In the past decade, Galleria mellonella (wax moth) larvae have become widely used as a non-mammalian infection model. However, the full potential of this infection model has yet to be realised, limited by the variable quality of larvae used and the lack of standardised procedures. Here, we review larvae suitable for research, protocols for dosing larvae, and methods for scoring illness in larvae infected with fungal pathogens. The development of standardised protocols for carrying out our experimental work will allow high throughput screens to be developed, changing the way in which we evaluate panels of mutants and strains. It will also enable the in vivo screening of potential antimicrobials at an earlier stage in the research and development cycle.
Introduction
The economy, ease of maintenance, and ethical acceptability has led to the widespread adoption of Galleria mellonella (wax moth) larvae, as a non-mammalian infection model. The larvae can be incubated at 37 • C, allowing the expression of temperature-regulated virulence genes. Moreover, a defined infection site and the ability to challenge larvae with exact doses of fungi allow the 50% lethal dose (LD 50 ) to be calculated. This allows the virulence of mutants, or the efficacy of antifungal compounds, to be compared and provides a major advantage over many other non-mammalian infection models (Table 1 ). The innate immune system of G. mellonella shares many similarities with the innate system of mammals [1] . Central to insect immunity are specialized phagocytic cells (hemocytes). Like mammalian neutrophils, they show lectin-mediated phagocytosis of microorganisms and kill via a respiratory burst mediated by NADPH oxidase [1] . Hemocytes display Toll-like receptors and binding activates antimicrobial peptide production via an NFκB-like signalling pathway [1] . The similarities between neutrophils and hemocytes allow the complex interplay between G. mellonella and the pathogen to be captured in a way that is not possible in cell culture infection systems. It is likely a combination of these features which has led to the widespread adoption of G. mellonella larvae as a model for infections caused by a wide range of fungi [2] including Aspergillus [3, 4] , Candida [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , and Cryptococcus species [15] [16] [17] , although notably, the larvae are reported to be resistant to Pneumoncystis murina infection [18] . For some fungal pathogens, G. mellonella larvae are now becoming the infection model of choice, with over 115 publications to date using this model with Candida albicans.
However, we believe that the full potential of the G. mellonella infection model has yet to be realised, held back by the variable quality of larvae used and the lack of standardised procedures for J. Fungi 2018, 4, 108 2 of 11 dosing larvae and recording morbidity and mortality. The aim of this review is to address the extent to which these problems have been resolved, and to identify future work needed to provide a robust, reliable, and consistent infection model. 
Reported Variability of Fungal Infection Models
As would be expected in an animal model of infection, variability is clearly apparent in the outcome data reported. The lack of standardised procedures for conducting these studies is thought to be a key factor contributing to the level of variability demonstrated, and this variability can prevent the direct comparison of published studies. The methodologies employed in these studies are broadly similar, but can display key differences in the preparation of inocula, injection volume, source and handling of larvae, and experimental conditions such as temperature. For example, published studies utilising the model to assess the virulence of Candida albicans mutants have reported using inoculum levels ranging almost one hundred fold (6 × 10 4 to 5 × 10 6 cells/larva). Furthermore, even when relatively similar procedures appear to have been employed, substantial variation can still be seen in the results published. For example, two recently published studies in C. albicans [19, 20] , utilising comparable wild type strains at the same inoculum level, reported mortality at five days to be either 20% or 60%. Another study measuring the virulence of 51 C. albicans transcription factor mutants in G. mellonella larvae reported only a 45% correlation between the results from replicate experiments, which they attributed to variability of the larvae [21] . Issues such as these may potentially be overcome through the standardization of assay protocols, plus the introduction of well-characterised G. mellonella lines.
Standardization of G. mellonella Larvae
Tsai et al. [22] have previously identified the lack of standardised G. mellonella larvae as a significant barrier to the wider adoption of this model for bacterial pathogens. For many years, G. mellonella larvae have been commercially available as food for captive reptiles and birds or as fishing bait, and larvae bred for these purposes have been widely used in research. These larvae are not age-or weight-defined, and have been bred, reared, and maintained under differing conditions. Age, feeding status, and physical handling of larvae have all been reported to have a significant impact on the susceptibility of the larvae to infection [23, 24] . Furthermore, the larvae may contain antibiotic and hormone residues [25] . This can result in inconsistent responses of larvae to infection, possibly reflecting altered metabolism in the larvae [26] . To address these problems, standardised G. mellonella larvae (TruLarv™) are now available (www.BioSystemsTechnology.com). These larvae are purpose bred for research without antibiotics or hormones added to feedstuff. They are age and weight defined and the cuticle of the larvae is decontaminated, reducing the problem of infections in control animals injected with PBS. The use of these larvae as an infection model, in place of pet-food grade larvae, has been seen to have a major impact on the consistency and reproducibility of experiments with bacterial pathogens [27, 28] , and may also reduce the level of variation seen with fungal pathogens.
Standardization of Challenge and Dosing
The most common method of infection is by injection of the larvae. This allows precise doses of a fungal pathogen to be given and consequently it is possible to calculate the LD 50 . There is also some interest in challenging larvae by the oral route. However, the larvae that are commercially available are fifth or sixth instar stage, and they feed little during this final phase before pupation. Therefore, oral dosing can only be achieved by using earlier instar stage larvae, or by oral gavage. These different dosing routes are reviewed below.
Subcutaneous Microinjection
Methods vary between laboratories, but commonly larvae are injected with 10 µL innocula (up to 40 µL innocula have also been used [5, 21] ) by sub cutaneous micro-injection into a defined site (often a proleg), using either a Hamilton or fine insulin syringe [29, 30] . The exact type of needle used for injection needs to be considered in the context of the volume delivered. For example, insulin syringes have 10 µL increments, meaning that there may be error in delivering exactly 10 µL. The most precise delivery of 10 µL necessitates the use of a 10 µL Hamilton syringe. In some laboratories, larvae are immobilized between the operator's fingers and the needle inserted into the insect's proleg, lifting the needle away from the operator with the insect attached before pushing the plunger on the syringe [31] . To reduce the risk of needle stick injury, a range of safety procedures have been developed by laboratories, including immobilising larvae over a pipette tip fixed to filter paper, the use of a stab-proof glove during injections [32] , and a restraint device comprised of sponge and a bulldog clip termed the "Galleria grabber" [30] .
Infected larvae may be incubated at temperatures ranging from 15 • C to 37 • C, as required. The ability to incubate larvae at 37 • C facilitates studies involving temperature-regulated virulence genes. PBS and uninfected controls are included in studies to ensure that larval death is not a result of trauma due to the injection. Groups of ten larvae are generally used in an experiment, with two or three experimental replicates providing large data sets for statistical analyses [29, [33] [34] [35] .
Feeding Larvae
To mimic the physiological route of natural exposure to microbes, G. mellonella have sometimes been fed microbes in their diet. Variations of this method have been reported, for example, Freitak et al. [36] fed third instar G. mellonella larvae a standard wax moth diet drenched with LB broth for control groups, or mixtures of microbial cultures in test groups [36] . Similarly, Chertkova et al. [37] used the oral route of infection. Following oral infection of G. mellonella larvae with combinations of microbes, the concentration of dopamine was measured at different time points in the haemolymph [37] . In this study, the oral inoculation of fourth instar larvae was performed after mixing microorganisms with artificial medium. Control groups were fed on artificial medium mixed with saline.
Oral Gavage
Forced feeding of G. mellonella larvae has been reported in microbial infection studies [38, 39] . To administer a suspension of microbes, oral gavage is required, in which a blunted microinjector syringe is gently inserted into the mouth piece of final instar larvae and 20 µL inoculum is delivered [40] .
Standardised Scoring
Early studies using G. mellonella as an infection model scored larval death as the endpoint, typically measured as the ability of larvae to move or respond to physical stimuli with a pipette tip. The use of a well-defined endpoint allows calculation of the LD 50 . A modification of this approach is to calculate the "virulence index" based on the time to death of 50% of the cohort, but normalised to the time to death of the wild type and expressed as a log value [14, 41, 42] . By calculating the virulence index, it is possible to compare data between laboratories more simply. However, the monitoring of larval death in this way at frequent intervals can be very time consuming, and therefore it is usual to score the larvae at 12 or 24 h intervals. Whilst this can reduce the workload, it can also result in fine differences in the time to death being missed.
Other ways of measuring infection include recording the progressive melanisation of larvae (Figure 1) , the direct enumeration of pathogens within body tissues, and histology on infected larvae. These methods all have different benefits and drawbacks. In our experience, the degree of melanisation is dependent on the infecting pathogen. Some pathogens cause profound and uniform melanisation, whilst others cause more subtle colour changes which can be difficult to interpret. The enumeration of pathogen load in tissues, or histology, both require the culling and processing of larvae which can be time consuming. Pathogen load at given time-points may also be calculated by homogenising the larvae and enumerating fungi after plating onto suitable media. The fungal load in larval compartments such as the cadaver, hemolymph, and hemocoel, may be established by draining hemolymph from infected larvae and using centrifugation to separate hemocytes from the hemolymph. Finally, the inability to form a silk cocoon by pupating larvae (Figure 1 [14, 41, 42] . By calculating the virulence index, it is possible to compare data between laboratories more simply. However, the monitoring of larval death in this way at frequent intervals can be very time consuming, and therefore it is usual to score the larvae at 12 or 24 h intervals. Whilst this can reduce the workload, it can also result in fine differences in the time to death being missed.
Other ways of measuring infection include recording the progressive melanisation of larvae (Figure 1) , the direct enumeration of pathogens within body tissues, and histology on infected larvae. These methods all have different benefits and drawbacks. In our experience, the degree of melanisation is dependent on the infecting pathogen. Some pathogens cause profound and uniform melanisation, whilst others cause more subtle colour changes which can be difficult to interpret. The enumeration of pathogen load in tissues, or histology, both require the culling and processing of larvae which can be time consuming. Pathogen load at given time-points may also be calculated by homogenising the larvae and enumerating fungi after plating onto suitable media. The fungal load in larval compartments such as the cadaver, hemolymph, and hemocoel, may be established by draining hemolymph from infected larvae and using centrifugation to separate hemocytes from the hemolymph. Finally, the inability to form a silk cocoon by pupating larvae (Figure 1) indicates poor health. Against this background, a pathological scoring system (Table 2) has been proposed by Loh et al. [43] . This system allows subtle differences in larval health to be assessed based on their appearance (Figure 1 ). It also facilitates greater reproducibility, and the comparison of data, between different laboratories. However, this scoring system still relies on time consuming checks. In the future, Figure 1 . Changes in the appearance of G. mellonella larvae after infection (B) compared to healthy final instar stage larvae (A). Reproduced from [22] with the permission of the authors. Progressive melanisation of larvae is shown from right (none) to left (complete).
Against this background, a pathological scoring system (Table 2) has been proposed by Loh et al. [43] . This system allows subtle differences in larval health to be assessed based on their appearance (Figure 1) . It also facilitates greater reproducibility, and the comparison of data, between different laboratories. However, this scoring system still relies on time consuming checks. In the future, automated real-time imaging of larvae, possibly using the criteria outlined in Table 1 , would open up opportunities for high throughput screens to be devised. 
High Throughput Screens
The low cost and ease with which G. mellonella larvae can be injected have prompted suggestions that this infection model could be used for high-throughput screening, either to identify virulence genes or to screen antifungal drugs. An important issue is how reliably these screens in G. mellonella larvae predict behaviour in mammals. There are some pivotal experiments which shed light on this question. In a study with C. neoformans, 46 of 66 mutants found to be attenuated in G. mellonella larvae (70%) had previously been shown to be attenuated in mice [44] . In contrast, the same study found that only 29% of mutants found to be attenuated in C. elegans were attenuated in mice [44] . The authors concluded that the increased discriminating power of G. mellonella likely reflects the greater similarity of the immune system to the mammalian immune system. In another study, the virulence of 18 C. albicans mutants was compared in mice and in G. mellonella larvae, and there was found to be a 50% correlation between the two lists of attenuated mutants [21] . However, mutants with strongly attenuated phenotypes in mice were much better predicted in G. mellonella larvae. This finding suggests that G. mellonella larvae are well suited to identifying gene products which play the most important roles in infection, and which are in any case likely to be the most attractive targets for interventions and exploitation. These findings add significant weight to the argument that high throughput screening using G. mellonella larvae provides meaningful results.
High Throughput Screening of Mutant Libraries
It is feasible to test large panels (up to 264) of fungal mutants individually in larvae [14, 44, 45] . However, to improve the statistical power of these studies, and because of the variability of responses of pet-shop larvae, groups of up to 50 larvae have been reported to be required for each mutant tested [14] . Clearly, the need to work with large cohorts of larvae would limit the number of mutants that can be tested simultaneously, and therefore the potential to carry out high throughput screens. Another approach would involve the simultaneous screening of mixtures of mutants or strains. By marking the different genotypes, for example, each with a unique DNA tag, it is possible to track the individual mutants within the population. Therefore, by tracking the abundance of DNA tags, genotypes which are more or less competitive (i.e., more or less virulent) in vivo are revealed. This approach has previously been widely used with bacterial and fungal pathogens in mammalian models of disease [46] [47] [48] [49] [50] [51] . A major advantage of this high-throughput screen is the ability to test large groups (thousands or tens of thousands) of mutants or strains simultaneously in a single animal. Therefore, relatively small numbers of larvae can be used. But there is also a major disadvantage in that the virulence phenotype may not be revealed when pools of mutants are tested [21] . In some cases, this is because "cheater" mutants are able to survive and grow because other members of the population provide the necessary factors masking the virulence defect [21] . Notwithstanding this concern, this approach has been used to simultaneously compare the virulence of a panel of 4110 mutants of Saccharomyces cerevisiae in G. mellonella larvae [52] . This study found that genes involved in cell wall integrity, mitochondrial function, and tyrosine metabolism play key roles in disease.
Screening for Antifungal Agents
Previous studies have found a good correlation between the efficacy of antifungal drugs in mammalian infection models and in G. mellonella models of disease [2] . G. mellonella larvae might enable high-throughput drug screening in two ways. One relies on an initial in vitro screen of compounds, followed by the testing of selected compound(s) in larvae. This could allow the testing of compounds in larvae at an earlier stage and on a larger scale than would be possible if mammals were used. This approach has already been used to identify novel antimicrobials [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] .
Alternatively, compounds could be tested individually in G. mellonella larvae at the earliest possible stage. This approach has the advantage that the most promising leads are identified, but the disadvantage that compounds with low bioavailability or low stability in vivo may be missed. Many early stage compounds are poorly soluble in water, and testing may require the drug to be dissolved in a solvent such as dimethyl sulfoxide (DMSO), ethanol, or methanol. In our hands, even small (10 µL) volumes of these solvents are lethal to G. mellonella larvae unless diluted to 20% (v/v) DMSO or 30% (v/v) ethanol [71] . Other limitations of this approach are the number of larvae that can be dosed with compound and pathogen, the feasibility of keeping large cohorts of larvae, and the feasibility of recording morbidity and mortality or large groups of larvae.
There are reports of the parallel screening of relatively small panels (<30) of antimicrobial compounds for activity towards microorganisms [72, 73] . However, there has been little reported progress in developing G. mellonella larvae for screening larger panels of compounds in high-throughput screens. In part, this may reflect the variability of responses seen between pet-food grade larvae. For example, in one study, test groups of 30 larvae were used per test compound [73] . The availability of larvae that behave consistently might now allow screening with smaller groups of larvae and open new opportunities for high throughput screening.
Discussion
The larvae of the wax moth G. mellonella are undoubtedly becoming a popular model for studying microbial virulence and treatment options, as evidenced through both the expanding range of pathogens tested in the system and the growing number of reports utilising the model. The model is increasingly being accepted as an alternative to mammalian infection models, which are subject to greater ethical and logistical constraints. In addition, it displays key advantages over other invertebrate models, such as its ability to be maintained at human body temperature, and the ease of handling and delivery of a precise infective dose. Furthermore, these attributes allow large numbers of larvae to be infected, therefore facilitating its use for the large-scale screening of virulence factors or antimicrobial activities of candidate drugs. However, this model does suffer from some limitations and disadvantages, mainly surrounding the lack of standardised protocols and a standard well-characterised G. mellonella strain (Table 3) .
There are a range of factors to consider when standardising the handling of wax moth larvae, including their age and size, availability of food [24] , the physical stress associated with transportation [23] , and incubation temperature and storage time [24] . Larvae from breeders supplying pet shops have also been seen to carry residual levels of antibiotics and hormones [25] , and these have been suggested to have an impact on the variability seen in the model with bacterial pathogens and may also lead to an altered outcome with fungal pathogens. All of these factors can impact the response of larvae to infection, and therefore impact the level of variability seen with the model. Until recently, there has also been the lack of a standardised G. mellonella strain, with most reports utilising larvae from commercial pet-shop breeders, or occasionally through research groups maintaining their own colony. Therefore, in addition to differences in rearing and maintenance, strain differences may also impact the variability seen in the assay. Recently, however, the first commercial supplier of "research grade" larvae (TruLarv™) has been established, and early reports suggest that their use has lowered the level of variability seen with bacterial pathogens [28] . Finally, the wax moth model still lacks an annotated genome and the genetic tractability available in other insect models. However, the first report of a G. mellonella genome has recently been released [74] , and this will hopefully now lead to its annotation to support the initial transcriptomics analysis of immune system genes [75] . This resource could then facilitate the development of molecular tools in G. mellonella in order to further our ability to use this increasingly popular model to dissect the host-pathogen interaction. 
